A longitudinal cross-over feeding design was used to investigate the relationship of dietary lipid composition to the membrane lipid environment and activity of mitochondrial ATPase in vivo. Rats were fed a polyunsaturated fatty-acid-rich oil (soya-bean oil) for 12 days, crossed-over to a monounsaturated fatty-acid-rich oil (rapeseed oil) for the next 11 days, then returned to soya-bean oil for 11 more days.
Studies of the interaction between protein and lipid components of biological membranes have indicated that membrane-associated proteins may be arranged peripherally, anchored at the membrane surface, or integral, penetrating into or through the structural matrix of the lipid bilayer (Singer & Nicolson, 1972) . It is logical to suppose that activity of membrane-associated enzymes may be dependent on association with specific polar head groups at the membrane surface, may be modulated by the surrounding bilayer matrix determined by fatty-acyl content and/or phospholipid distribution, or, more specifically, may be dependent on interaction with specific fatty acyl chains at the protein-lipid interface.
Specific phospholipids are required before membrane-bound enzymes can express full activity (Sanderman, 1978) . In addition, the transversal asymmetric distribution of phospholipids (Crain & Marinetti, 1979; Krebs et al., 1979;  Op den Kamp, 1979) further implies a specific purpose for phospholipid orientation. Demonstration of the import- Vol. 198 ance of the fatty acid milieu surrounding integral membrane proteins has been achieved through correlation of change in enzyme activity with change in membrane fatty-acid composition (Bloj et al., 1973; Haeffner & Privett, 1975; Gidwitz et al., 1980) and through differences reported in membrane physical properties defined by temperature of lipid phase transition (T) together with differences in Arrhenius activation energy (Ea) of enzymes from membranes with differing fatty-acid distributions (Cronan & Gelman, 1975; Solomonson et al., 1976; Im et al., 1979;  McMurchie & Raison, 1979) .
Differences exist in the Tt reported for different enzymes associated with a given membrane (Fourcans & Jain, 1974; Im et al., 1979; Nohl, 1979) , thus implying dissimilarity among the annular lipid microenvironment of enzymes within one membrane. Together the foregoing facts suggest a specificity not only for phospholipid arrangement, but also for fatty-acyl-chain placement within the promixity of membrane proteins.
In artificial membranes Tt decreases as the degree 0306-3283/81/070167-09$01.50/1 (© 1981 The Biochemical Society of membrane unsaturation increases (Cronan & Gelman, 1975; Lee, 1977) , indicating a fluidizing effect of unsaturated fatty-acyl chains. Phase changes in membrane lipid are accompanied by marked changes in the Ea of lipid-dependent membrane-bound enzymes (Raison et al., 1971; Raison & McMurchie, 1974; Solomonson et al., 1976; McMurchie & Raison, 1979; Parenti-Castelli et al., 1979) . Above the Tt value, lipids are considered to be in a fluid, liquid-crystalline phase and Ea is decreased. Conversely, below the Tt value, lipids are in a more solid, or gel-like phase and Ea is increased.
These findings have been interpreted (McMurchie & Raison, 1979; Silvius & McElhaney, 1980) to imply that more fluid environments permit greater ease of mobility to the enzyme for attainment of optimal conformation for catalytic activity, thus producing, and reflected in, a lower reaction enthalpy. In contrast, a more saturated or gel-state lipid would hinder transient movement and thus increase Ea.
We have previously demonstrated (Innis & Clandinin, 1981) that the composition of mitochondrial inner-membrane lipids of rat mycocardium can be dynamically controlled by dietary fat. Phospholipid fatty-acyl components were rapidly altered by switching from a diet rich in polyunsaturated fatty acids to a monounsaturated-rich diet and in a dynamic state, continually susceptible to modulation by diet fat. The present report describes studies to determine whether diet-induced changes in membrane lipid composition are paralleled by altered membrane physical properties, defined as Tt from Arrhenius plots, and changes in kinetic activity and E. of mitochondrial ATPase (EC 3.6.1.3). Mitochondrial ATPase is the terminal transphosphorylating enzyme of oxidative phosphorylation (Senior, 1979) . Conformational change in this protein has been proposed as an essential part of its catalytic activity (Senior, 1979) . Thus dietinduced changes in the lipid microenvironment might be expected to result in modulation of the enzyme configurational mobility and hence alter kinetic behaviour. In the present paper the isotopic exchange reaction of ATP/[P2PIP, which is dependent on phospholipids and is thought to be a partial reaction of ATP synthesis (Senior, 1979) , was studied. The results clearly establish in vivo that dietary lipid composition can dynamically affect alterations in membrane physical properties and in the kinetic activity of membrane-bound mitochondrial ATPase in a rapid and reversible manner that parallels diet-induced change in membrane lipid composition.
Materials and methods

Animals and diets
Two replicates of male Sprague-Dawley rats (Biobreeding Laboratories, Ottawa, Que., Canada) weighing 55-60g were fed diets containing 20% (w/w) soya-bean oil or rapeseed oil (Innis & Clandinin, 1980) in a longitudinal design previously described (Innis & Clandinin, 1981) . The fatty-acid composition of the oils has also been described (Innis & Clandinin, 1981 
Preparation ofmitochondria
Rat hearts were quickly excised, and mitochondria were prepared by the established procedures previously described (Clandinin, 1978) , except that heparin was omitted at all stages. Protein was measured by a colorimetric method (Lowry et al., 1951) .
A TP/[32P1PI exchange assays
The mitochondrial ATPase ATP/[P2PIPi exchange reaction was measured as described by Pullman (1967) (Fisher Scientific, Toronto, Ont., Canada) . The reaction was stopped at the end of 5min by the addition of 0.1 ml of 35% HCl04 and the mixture was centrifuged in a clinical centrifuge at 3000rev./min for 10min. Deproteinized supernatant (0.2ml) was extracted exhaustively as described by Pullman (1967) (Senior, 1979 (Sandoval et al., 1970) .
The Arrhenius plots of ATP/[32P]P1 exchange reaction at ATP concentrations of 10mm (Fig. 1) show a biphasic plot of two intersecting straight lines over the temperature range 3-300C. These plots are analogous to those of other studies of thermotropic properties of membrane-bound mitochondrial ATPase activity (Lenaz et al., 1978; Parenti-Castelli et al., 1979; Nohl, 1979; Rottenberg et al., 1980) and other enzymes dependent on phospholipid association for full activity (Raison & McMurchie, 1974; Solomonson et al., 1976; Im et al., 1979; McMurchie & Raison, 1979) . The presence of a second discontinuity approx. 150C above the first is also evident in all Arrhenius plots (Fig. 1) . The occurrence of a second break point in thermotropic analyses of mitochondrial ATPase activity has been reported (Rottenberg et al., 1980) . In the present study insufficient determinations were conducted at higher temperatures to enable accurate calculation of the higher break point. As established for mitochondrial ATPase (Lenaz et al., 1978; Parenti-Castelli et al., 1979; Nohl, 1979; Rottenberg et al., 1980) and other membrane-bound enzymes (Raison & McMurchie, 1974; Solomonson et al., 1976; Im et al., 1979; McMurchie & Raison, 1979; Nohl, 1979) showing characteristic breaks in Arrhenius plots, Ea decreased as the temperature increased above the value Tt value (Fig. 1 Similarly, distinct changes in the phospholipid polar head group profile of rat heart and liver mitochondria (Hallman & Kankare, 1979) and rabbit heart mitochondria (Nagatomo et al., 1980) Norseth et al., 1979) . This induction of compensatory extramitochondrial fl-oxidation of dietary long-chain monoenoic fatty acids would alter the substrates available for membrane incorporation.
Rates of ATP/[32P]P1 exchange declined with increasing age (Fig. 2) . The maximum exchange rate achieved at 2 months post-weaning was only 30% of the rate observed in weanling animals.
The rate of ATP/A32PIP1 exchange by heart mitochondria when the ATP concentration in the reaction mixture was either well below Vmax (5) or close to Vmax. (10) clearly indicated the influence of dietary lipid treatment on the catalytic activity of mitochondrial ATPase (Fig. 3) . Rats fed rapeseed oil exhibited lower rates of ATP/[ 32P1P1 exchange than rats fed soya-bean oil for both substrate concentrations illustrated. Substituting one diet lipid source for another was dynamically followed by changes in this enzyme function. Thus, at 5 days after switching rats from soya-bean oil to rapeseed oil rates of exchange were similar to those of rats fed rapeseed oil throughout. at both 5mM-ATP (Fig. 3a) and 10mM-ATP (Fig.  3b) (Fig. 3) .
Discussion
The present paper clearly establishes that the type of dietary fat fed has a significant controlling influence on the activity of oligomycin-sensitive ATPase of rat heart mitochondria. Rats fed the polyunsaturated fatty-acid-rich soya-bean oil ex- Dietary lipid control of mitochondrial ATPase activity Tt and lower Ea values in Arrhenius plots than rats fed the monounsaturated fatty-acid-rich rapeseed oil. By manipulating the dietary fat consumed, activity and thermotropic properties of the enzyme were altered. The effect of changing from one diet lipid source to another (soya-bean oil to rapeseed oil to soya-bean oil) was rapid and reversible.
In a previous report (Innis & Clandinin, 1981) we have demonstrated that the fatty-acyl compositions of phosphatidylcholine, phosphatidylethanolamine and cardiolipin isolated from the inner membrane of rat heart mitochondria rapidly and reversibly respond to flux in dietary fat composition. Employing an identical experimental design to that described herein, the dynamic nature and short half-lives of membrane fatty-acyl chains were demonstrated. Parallel changes in activity (Figs. 2 and 3 ) and thermotropic property (Fig. 1, Table 1 ) of mitochondrial ATPase, imply a cause-and-effect relationship among diet fat composition, membrane lipid composition and ATPase function. Therefore, it is logical to conclude that the physicochemical properties of the lipid microenvironment of mitochondrial ATPase was altered by dietary lipid. The reversible manipulation of the Tt value and reaction rate by changing the diet fat from soya-bean oil to rapeseed oil strengthens this conclusion. Consequently, we propose that the catalytic activity of mitochondrial ATPase is in part dependent on the diet fat consumed, defined as an effect produced via modulation of the lipid microenvironment of the enzyme. The present study supports the concept that intrinsic control over membrane lipid composition and/or physical property in vivo is not absolute.
Studies with artificial membranes have demonstrated that the Tt value of lipid-associated enzymes decreased as the degree of lipid unsaturation increased (Cronan & Gelman, 1975) . The decrease in Tt value would imply a decrease in molecular ordering of fatty acids within the bilayer and thus an increase in fluidity. Based on the foregoing facts, the Tt value for rate of ATP/[32PIP, exchange by mitochondrial ATPase from rats fed the polyunsaturated-fatty-acid rich soya-bean oil might be expected to be lower than that for rats fed rapeseed oil. On the contrary, the results (Fig. 1, Table 1 ), consistently showed that feeding rapeseed oil produced a lowering of the Tt value. There are several possible explanations for these results. Rapeseed-oil feeding causes depletion of saturated fatty acids from mitochondrial phospholipids (Innis & Clandinin, 1981) , which would depress Tt. This, however, cannot be the simple explanation because the effect of decreased membrane saturation would be counteracted by the increased monounsaturatedfatty-acid content concomitant to lowered polyenoic, particularly long chain (co-3 and cl)-6) fatty acids in mitochondrial phospholipids of rats fed Vol. 198 rapeseed oil. Further, mitochondrial inner-membrane phospholipids of rats killed before dietary treatment (day 0) contained a much higher proportion of saturated fatty acids, especially C14 and C16, than rats fed either soya-bean oil or rapeseed oil, whereas Tt for mitochondrial ATPase activity at day 0 was very low (Fig. 1, Table 1 ). Tt of membrane-bound enzymes is not solely dependent on the proportion of unsaturated to saturated bonds; the position of a C-C double bond also influences Tt (Lee, 1977) . Mitochondrial membrane phospholipids from rats fed rapeseed oil are higher in (co-9)-series fatty acids and lower in (co -6) fatty acids than mitochondrial membrane phospholipids from rats fed soya-bean oil respectively (Innis & Clandinin, 1981) .
In agreement with the increase in Tt caused by feeding a polyunsaturated-fatty-acid-rich diet observed in these studies, Solomonson et al. (1976) have reported that the Tt for (Na+ + K+)-dependent ATPase (EC 3.6.1.3) of plasma membranes from Ehrlich ascites tumour cells grown in mice fed diets containing 16% sunflower seed oil was 80C lower than for mice fed diets containing 4% tristearoylglycerol as the only lipid source. These studies and others unequivocally establish that diet fat influences the activity of membrane-associated enzymes (Bloj et al., 1973; McMurchie & Raison, 1979 The temperature at which membrane lipids undergo a change in phase is also influenced by the presence of cholesterol (Chapman et al., 1979) . No difference was present in the mitochondrial innermembrane non-esterified cholesterol content relative to protein between rats fed soya-bean oil and rapeseed oil (Innis & Clandinin, 1980) . Further, it has been suggested that cholesterol is excluded from the immediate environment of membrane proteins (Warren et al., 1975; Hesketh et al., 1976) . Polar-head-group distribution is a further important determinant of Tt. The Tt value of phosphatidylethanolamine is 200C higher than that of phosphatidylcholine with the same fatty acid composition (Lee, 1977) . Thus in agreement with model systems, rapeseed oil, which increased the phosphatidylcholine/phosphatidylethanolamine ratio (Innis & Clandinin, 1980) , decreased Tt (Fig. 1 (Lee, 1977 (Gomez-Puyou et al., 1978) that any agent or condition that alters the magnitude of this bonding will also change the catalytic properties of the enzyme. Change could, therefore, result from dietinduced modification of either membrane fatty-acyl composition or phospholipid composition alone, or in combination, or might stem from changes in the net surface charge of the membrane due to altered polar-head-group distribution. These studies have used a novel longitudinal cross-over feeding design to demonstrate in vivo that the influence of diet fat extends to the lipid microenvironment of oligomycin-sensitive ATPase, resulting in altered catalytic activity. The rapidity of diet effect and ease of reversal suggests that this may be a phenomena that is unique neither to this enzyme nor this subcellular membrane system. Conceivably many processes involving biological membranes are modified by diet-lipid conditioning of membrane lipid composition. It is evident that in any study of membrane-related processes attention must be paid to diet lipid preconditioning and developmental changes in membrane lipid.
